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Abstract: This paper aims at exploring the effects of anti-seismic reinforcement with the 
fiber-reinforced polymer (FRP) material bonded to the dam surface in dam engineering. 
Time-history analysis was performed to simulate the seismic failure process of a gravity dam that 
was assumed to be reinforced at the locations of slope discontinuity at the downstream surface, 
part of the upstream face, and the dam heel. A damage model considering the influence of concrete 
heterogeneity was used to model the nonlinearity of concrete. A bond-slip model was applied to the 
interface between FRP and concrete, and the reinforcement mechanism was analyzed through the 
bond stress and the stress in FRP. The results of the crack pattern, displacement, and acceleration 
of the reinforced dam were compared with those of the original one. It is shown that FRP, as a 
reinforcement material, postpones the occurrence of cracks and slows the crack propagation, and 
that cracks emanating from the upstream surface and downstream surface are not connected, 
meaning that the reinforced dam can retain water-impounding function when subjected to the 
earthquake. Anti-seismic reinforcement with FRP is therefore beneficial to improving the seismic 
resistant capability of concrete dams.     
Key words: FRP sheet; reinforcement of concrete gravity dam; bond behavior; seismic damage 
simulation; time history analysis      
 
1 Introduction 
Concrete gravity dams are widely used in dam construction, but when a strong 
earthquake occurs, cracks tend to appear near the dam bases and discontinuities at slope faces, 
and may propagate inside dams, leading to the failure of the entire dams (Zhang et al. 2013; 
Omidi et al. 2013). In the meantime, the average stress of dams is much lower than the tensile 
strength of dam concrete. Thus, strengthening the weak part of concrete gravity dams to 
improve their seismic resistance ability and make better use of concrete strength is a hot topic 
in dam engineering.  
Steel has generally been used in reinforcing concrete dams (Long et al. 2009; Jiang and 
Du 2012; Jiang et al. 2013). However, because of its heavy weight and tendency to corrosion, 
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it is urgently necessary to find substituent reinforcement materials. As a new composite 
material, fiber-reinforced polymer (FRP) has favorable properties of low weight, high strength, 
and anti-corrosion performance, and its configurations as a sheet or plate are simple for 
practical application to the surface of a concrete component. Neale (2000) summarized the 
progress of FRP over recent years and its wide application in civil engineering. Hollaway 
(2010) displayed a highly positive attitude toward the future utilization of FRP composites in 
civil infrastructures and suggested suitable areas. However, for massive concrete structures 
such as concrete gravity dams, little research has been conducted on reinforcement with FRP. 
In one of the few studies, Wang et al. (2011) examined a concrete gravity dam reinforced with 
FRP, but the interface between FRP and concrete was neglected, and the bond mechanism was 
not discussed.  
In this study, reinforcement of a gravity dam with FRP sheets was examined. A damage 
model considering the influence of concrete heterogeneity was used to model the nonlinearity 
of concrete, and a proper bond-slip model was applied to the interface between FRP and 
concrete. Using this procedure, the failure of a three-point bending beam reinforced with FRP 
was modeled first, and the obtained failure modes and load-deflection curves were compared 
with experimental results. Then, taking the Koyna gravity dam as an example, performance of 
the dam reinforced with FRP was compared with that of the original unreinforced dam. In 
addition, the bond mechanism was analyzed based on the response of both FRP and       
the interface. 
2 Constitutive models 
2.1 Damage model for concrete considering mesoscopic heterogeneity 
Concrete is a complex heterogeneous material, and it is necessary to consider the 
influence of mesoscopic heterogeneity in modeling the failure process of concrete and 
studying its failure mechanisms. Research by Tang et al. (2000), Ma et al. (2005), and Chang 
et al. (2010) reveals that, in finite element modeling, when abundant elements are used to 
discretize the concrete structure and the size of elements is fine enough, the heterogeneity of 
concrete can be reflected by a random distribution of material properties of elements, 
including the elastic modulus, Poisson’s ratio, and the tensile and compressive strengths. In 
this case, a simple constitutive relation and failure criterion are suitable to model the stiffness 
degradation of concrete. In the studies of Tang et al. (2000), Zhu and Tang (2002), Chang et al. 
(2010), and Zhong et al. (2011), the Weibull distribution was adopted to consider the influence 
of concrete heterogeneity. In this way, some experimental phenomena of concrete specimens 
were satisfactorily reproduced. In this study, the model in Zhong et al. (2011) was extended to 
the failure modeling of a concrete beam and a big-bulk concrete dam reinforced with      
FRP sheets. 
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The Weibull distribution is defined by the following probabilistic density function: 
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where μ  is the mechanical parameter influenced by the heterogeneity of concrete, including 
the elastic modulus, Poisson’s ratio, the tensile strength, and the compressive strength; 0μ  is 
related to the average value of μ ; and β  is an index characterizing the degree          
of heterogeneity. 
It is worth mentioning that the element size in FEM modeling should be neither too big 
nor too small so that the aforementioned random distribution can justifiably consider the 
influence of concrete heterogeneity. There still lacks a clear definition to determine the 
element size, but it is doubtless that the size should be much smaller than that employed in 
conventional FEM-based nonlinear analysis. 
Based on the above analysis, many complicated features of concrete on the macro scale 
can be neglected, and a simple elastic damage model can be reasonably employed for 
characterizing the nonlinear behavior, mainly featuring the stiffness degradation. In this model, 
the tensile damage and shear damage of concrete are both considered, and the maximum 
tensile stress criterion and Mohr-Coulomb criterion are employed as thresholds for calculating 
the damage value. It is considered that the tensile damage varies according to a bilinear 
damage model, and the shear damage evolves following a power function-shaped descending 
curve. In the multi-axial loading case, the maximum tensile strain is adopted to calculate the 
tensile damage, and the equivalent strain is adopted to calculate the shear damage. A detailed 
description of the constitutive law can be found in Zhong et al. (2011).  
2.2 Constitutive relation of FRP 
Usually, FRP is used to externally strengthen the bending position of concrete 
components, and interface debonding is the main failure mode. Due to this kind of premature 
failure, the tensile strength utilization ratios of FRP are sometimes only between 5% and 35%, 
and FRP remains linear-elastic before it ruptures. This has been demonstrated experimentally 
by Kotynia et al. (2008). Here, FRP in tension was considered linear-elastic until brittle failure 
occurred, as shown in Fig. 1(a) and Eq. (2).  
 F F
F
0
0  
E ε ε ε
σ
ε ε
< <­
= ® ≥¯
  (2) 
where σ  is the tensile stress; ε  is the tensile strain; FE  is Young’s modulus; Fε  is the 
limit strain in the elastic range, with F F Ff Eε = , where Ef  is the tensile strength. Since 
FRP is not anti-bending and has a low elastic modulus in compression, the elastic modulus of 
FRP in compression is assumed to be 1% of that in tension. In the simulation, FRP was 
modeled using two-node link elements, with its modulus updated according to its stress state. 
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2.3 Bond-slip model for interface between FRP and concrete 
The interface mechanism is the key issue for investigating the FRP reinforcement effect 
and debonding failure. In this study, the interface was simulated by the Goodman element with 
zero thickness (Goodman et al. 1968). In the meantime, a simplified bond-slip (Ĳ-s) model 
proposed by Lu et al. (2005) was employed for analysis of the mechanical behavior of the 
FRP-concrete interface. In the model, as shown in Fig. 1(b) and Eq. (3), the initial stiffness is 
assumed to be a high value, and the bond stress τ  increases with the relative slip s  until the 
peak bond stress is reached. Then, the secant stiffness decreases gradually, and the bond stress 
decreases with the increase of the relative slip. When the slip is sufficiently large, the bond 
stress decreases to zero.  
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where maxτ  and 0s  respectively represent the maximum bond stress and corresponding slip. 
They are determined by the tensile strength of concrete tf  and the FRP-concrete width ratio 
factor wβ , as shown in Eqs. (4) and (5). The factor α  is calculated by Eq. (6). 
 max w t1.5 fτ β=   (4) 
 0 w t0.019 5s fβ=   (5) 
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The factor wβ  is calculated through the width of FRP fb  and that of concrete 
component cb  in Eq. (7), and the facture energy Gf is defined in Eq. (8): 
 f cw
f c
2.25
1.25
b b
b b
β −=
+
  (7) 
 2f w t0.308G fβ=   (8) 
 
Fig. 1 Constitutive law of FRP and bond-slip law of interface 
2.4 Failure modeling of FRP-reinforced three-point bending beam 
Two identical FRP-reinforced plain concrete beams (specimen 1 and specimen 2) in the 
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three-point bending test by Wu and Yin (2003) were chosen to validate the proposed model. 
The cross-section of the beam was 100 mm × 150 mm with a clear span of 750 mm (Fig. 2), 
and an FRP sheet with a length of 700 mm was externally bonded to the bottom surface of the 
beam (a thick dark line in Fig. 2). The size of elements for the concrete beam was 5 mm, and 
the length of link elements for FRP was also 5 mm. The concrete beam had a tensile strength 
of 3.31 MPa, Young’s modulus of 25 GPa, and Poisson’s ratio of 0.15. The heterogeneity 
index β  was assumed to be 3 for the tensile strength and Young’s modulus and 100 for 
Poisson’s ratio. The FRP sheet with a nominal thickness of 0.11 mm had a tensile strength of  
3 350 MPa and Young’s modulus of 50 GPa. The parameters involved in the constitutive 
relation for concrete in the current example and following example of a dam include 
tr t0= 1.5η ε ε = , t tr= 0.1f fλ = , and tu t010ε ε= , where t0ε  and trε  are the strain 
corresponding to the tensile strength tf  and residual strength trf  in the stress-strain curve, 
respectively, and tuε  is the maximum tensile strain. 
Comparisons of crack patterns and load-deflection curves between experimental results 
and numerical simulation are shown in Fig. 2 and Fig. 3, respectively. As can be seen in Fig. 2, 
satisfactory agreement of crack patterns was obtained. The load-deflection curve of numerical 
prediction (denoted as FEA in Fig. 3) also agrees well with experimental results. Thus it is 
verified that the proposed procedure is capable of describing the nonlinear behavior of 
concrete specimens by reproducing the crack pattern and even the entire damage process with 
a satisfactory accuracy.  
 
Fig. 2 Crack patterns of concrete beam                  Fig. 3 Load-deflection curves 
3 Time history analysis for seismic response of gravity dam 
In the time history analysis of seismic response of a gravity dam, including the nonlinear 
behavior, fictitious high modes caused by structure discretization could reduce numerical 
stability. The one-step -α Newmark algorithm presented by Miranda et al. (1989) was used in 
the calculation. The algorithm could effectively control the dissipation of high modes by 
varying the value of a free variable α : when α  decreased, the dissipation of high modes 
increased. The motion equation of the structure at time t1 was reformulated after introducing  
α as 
 Hong ZHONG et al. Water Science and Engineering, Oct. 2013, Vol. 6, No. 4, 409-422 414
 
Fig. 4 Koyna Dam and FRP sheet reinforcement 
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where Į varies between [1/3, 0]; M, C, and K are the mass matrix, damping matrix, and 
stiffness matrix, respectively; 
1t
u ,
1t
u , 
1t
u , and 
1t
R  are the acceleration, velocity, 
displacement, and load vectors, respectively, at time 1t ; and 0tu  and 0tR  are the velocity 
and load vectors, respectively, at time 0t .  
In the calculation process, the response of the dam subjected to static loads was 
calculated as an initial state. Then, for each seismic load step, the response was a combination 
of those corresponding to constant loads and seismic loads. A triple convergence criterion was 
employed for the convergence check of the nonlinear analysis: (1) the number of newly 
damaged elements should not exceed 0.1% of the total number of elements; (2) the norm of 
relative displacement between two successive iterations should not exceed 1%; and (3) the 
status of FRP (either in tension or compression) in the current iteration should be the same as 
that in the previous iteration of the current load step. In each seismic load step, the stiffness 
matrix at the end of the former load step was used for the first iteration of the current step. 
Then, when the convergence criterion had been met, the process proceeded to the next seismic 
load step. Otherwise, the stiffness matrix was updated, and the displacement field and stress 
field were recalculated until the aforementioned conditions were met and convergence    
was reached. 
4 Seismic failure modeling of gravity dam 
4.1 Model and parameters 
The Koyna Dam in India is a gravity dam that has been subjected to strong ground 
motion and suffered serious damage. An earthquake in the year 1976 resulted in long 
horizontal cracks from the discontinuity at the downstream surface of the dam to the upstream 
face. In this study, the effect of reinforcement of the dam with FRP was examined. The 
geometry of the dam is shown in Fig. 4. Since the dam heel as well as the discontinuity of the 
slope was most vulnerable when subjected to earthquake shocks, the dam was assumed to be 
reinforced locally in these regions. To be 
specific, the lower upstream face from the 
dam heel to 5 m upwards was reinforced. 
The downstream surface between 55.0 m to  
76.5 m in height (reinforced zone 1) and the 
upstream face between  42.7 m to 71.0 m 
(reinforced zone 2) were also reinforced 
with FRP (thick black lines in Fig. 4). The 
thickness of the FRP sheet was 5 mm. For 
comparison, the original dam without 
reinforcement was also studied. In addition, 
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the bond behavior of FRP reinforcement in both zone 1 and zone 2 was examined. 
A massless foundation model was assumed for the foundation, which extended twice the 
height of the dam both upstream and downstream of the dam, and three times the dam height 
downwards. Both the dam and foundation were discretized with four-node plane strain 
elements. The size of elements for the dam and foundation were about 0.3 m and 3 m, 
respectively, and 57 231 nodes and 56 624 elements were used in all. Since heterogeneity and 
nonlinearity of the foundation were not considered, the element size for the foundation was 
relatively larger. Material parameters of concrete and the FRP sheet are given in Table 1. For 
dam concrete, heterogeneity with β = 2 was assumed for the elastic modulus, compressive 
strength, and tensile strength, and heterogeneity with β = 100 for Poisson’s ratio and the mass 
density. FRP and the interface were considered homogeneous. The foundation was assumed to 
have the same Young’s modulus and Poisson’s ratio as concrete.  
Table 1 Material parameters of dam concrete and FRP 
Material Density (kg/m3) 
Young’s modulus 
(GPa) Poisson’s ratio
Dynamic tensile 
strength (MPa) 
Dynamic compressive 
strength (MPa) 
Concrete 2 460 31.027 0.2 2.9 29 
FRP 1 500 50 0.3 1 500 0 
The water head was 91.7 m. The loading included the self-weight, hydrostatic pressure, 
uplift pressure, hydrodynamic pressure, and earthquake excitation. The normalized 
acceleration time histories are shown in Fig. 5 with a time interval of 0.02 s. Two cases 
concerning earthquake loading were considered: (1) peak ground acceleration of 0.40g   
(case 1), and (2) peak ground acceleration of 0.474g (case 2), with the latter corresponding to 
the amplitude of the acceleration measured at the site during the earthquake.  
   
Fig. 5 Normalized acceleration time histories 
4.2 Results and analysis 
4.2.1 Analysis of effect of FRP reinforcement 
Crack profiles with the first principal stress 1σ  and failure modes of the reinforced dam 
for cases 1 and 2 were compared with those of the original dam, respectively, to investigate the 
effect of FRP reinforcement. 
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Fig. 6 shows the loading case 1 of the original dam with the peak ground acceleration of 
0.40g. At 4.70 s, a dominant crack initiates around the discontinuity at the downstream surface 
and propagates by about one half of the width of the dam section. Then, at 4.98 s, an initial 
upstream crack appears and propagates horizontally downstream. At 5.20 s, the two cracks 
become connected, indicating the failure of the dam. The tensile stress is redistributed in this 
process, and the crack tip is always characterized by a high tensile stress, indicating that the 
crack is caused mainly by an excessive tensile stress.  
 
Fig. 6 Crack profile and principal stress ( 1σ ) distribution of unreinforced dam for case 1 (Unit: MPa) 
For the reinforced dam, high tensile stresses are mainly concentrated in the vicinity of the 
discontinuity at the downstream surface and about 2/3 of the dam height at the upstream face, 
as shown in Fig. 7. However, no visible cracks occur. Thus, it can be inferred that FRP 
reinforcement is effective in preventing the tensile stress from exceeding the tensile strength of 
concrete and consequently inhibiting crack initiation and propagation. The integrity of the dam 
is retained, and its seismic resistance ability is enhanced. 
 
Fig. 7 Crack profile and principal stress ( 1σ ) distribution of reinforced dam for case 1 (Unit: MPa) 
For loading case 2, the peak ground acceleration reaches 0.474g, which is the real 
amplitude of the acceleration history that the Koyna Dam underwent. Since the ground motion 
is stronger than that in case 1, which introduces an extra high tensile stress in the dam, the dam 
fails earlier. For both the unreinforced dam and reinforced dam, high stresses are observed in 
regions similar to those in case 1. However, without reinforcement, the initial crack occurs at 
the upstream face, and another one subsequently occurs at the discontinuity at the downstream 
surface. They connect at 5.40 s, leading to the failure of the upper part of the dam, as shown in 
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Fig. 8. An additional crack also appears at the dam heel (Fig. 8(c) and (d)). For the reinforced 
dam, a similar crack near the dam head is observed, as shown in Fig. 9. However, it appears at 
a later time instant than the original dam, and for the same time instant, the crack of the 
reinforced dam is much shorter than that of the original dam. At the end of the earthquake, 
cracks originating from the upstream face and the downstream surface are not connected, and 
the dam heel remains intact, as shown in Fig. 9(d). This indicates that the FRP sheet 
reinforcement alleviates propagation of the crack and consequently improves the seismic 
resistance capability of the dam. 
 
Fig. 8 Crack profile and principal stress ( 1σ ) distribution of unreinforced dam for case 2 (Unit: MPa) 
 
Fig. 9 Crack profile and principal stress ( 1σ ) distribution of reinforced dam for case 2 (Unit: MPa) 
As shown in Fig. 10, the horizontal displacement time history of the dam crest (node A in 
Fig. 4) for the original dam deviates from the value corresponding to static loads. It 
continuously moves upstream (case 1) or downstream (case 2) with the crack propagation, and 
a large displacement of the upper part of the dam appears, which corresponds to the failure of 
the dam. However, for the reinforced dam, the displacement curve fluctuates around the static 
displacement of the dam, indicating that the dam vibrates back and forth throughout the whole 
earthquake, and the dam is stable after the excitation. In Fig. 11, the acceleration of the dam 
crest for the reinforced dam is coincident with that for the unreinforced dam prior to the 
instant when cracks occur in the dam. It can be inferred that the reinforcement has little effect 
on the stiffness of the dam. However, when the crack initiates and propagates, FRP 
reinforcement significantly influences the response of the dam crest. Comparisons of these 
figures show that the strengthening measures help to reduce the cracking zone and retain the 
integrity of the dam. 
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Fig. 10 Horizontal displacement of node A under given waves 
 
Fig. 11 Horizontal acceleration of node A under given waves 
4.2.2 Analysis of bond behavior of FRP and interface 
As previously mentioned, FRP has an obvious effect alleviating cracking, thus enhancing 
aseismic performance of the dam. In this section the reinforcement mechanism is analyzed, 
with particular emphasis laid on the performance of FRP and the bond behavior. Taking the 
reinforcement below the dam head as an example, the distributions of the FRP stress and the 
corresponding interfacial bond stress at four different instants in zone 1 for case 1 are shown 
in Fig. 12, and those in zone 2 for case 1 are shown in Fig. 13. In these figures, the x-axis 
represents the relative altitude of the FRP sheet, with the origin corresponding to the bottom of 
reinforced zone 1 and zone 2, respectively. 
For loading case 1, the reinforced dam undergoes only negligible damage. Therefore, the 
bond behavior between FRP and the interface during strengthening can be easily understood. 
As shown in Fig. 12, due to consideration of the mesoscopic heterogeneity of concrete, the 
FRP stress and bond stress show some randomness, but it can still be clearly seen that when 
the bond stress is high, the FRP stress is low, and vice versa. Before debonding takes place, the 
interface acts as a bridge to connect concrete and FRP and passes the load from concrete to 
FRP. In reinforced zone 1, the bond stress sharply decreases at 4.32 s at the coordinate 11.5 m, 
which corresponds to the slope discontinuity. This indicates the occurrence of debonding. The 
bond stress drops and the relevant FRP stress increases due to stress redistribution, and the high  
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Fig. 12 Distributions of FRP stress and interfacial bond stress for case 1 (reinforced zone 1) 
 
Fig. 13 Distributions of FRP stress and interfacial bond stress for case 1 (reinforced zone 2) 
bond stress nearby helps to maintain the consistent deformation of FRP and concrete, as 
shown by the stress distribution at 4.32 s and 4.68 s in Figs. 12(a) and (b). After that, a similar 
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situation occurs for the FRP stress at 7.5 m and 12.0 m, indicating two more debonded 
interface elements, as shown in Figs. 12(c) and (d). No visible cracks are observed in this case 
(section 4.2.1), the reason is that FRP and the interface work together to prevent the dam from 
cracking. The situation of reinforced zone 2 is similar to that of zone 1. FRP and the interface 
share high stresses, born solely by concrete in the original dam, and prevent the vulnerable 
part from cracking, just as shown in Fig. 13. 
For case 2, corresponding to the excitation of the initial part of the acceleration time 
history, the bond behavior of both reinforced zones is similar to that for case 1, since the 
excitation is relatively weak and no cracking takes place. However, with the intensification of 
excitation, cracks occur, and the relevant bond behavior reveals some differences. It can be 
seen in Figs. 14 and 15 that the interface and FRP share higher stresses around the 
discontinuity at the downstream surface and the vulnerable part at the upstream face, but once 
the interface or the adjoining concrete fails, any stress increase must be carried only by the 
FRP sheet, and debonding of FRP initiates and propagates towards the sheet end. The 
debonded region can be identified as a region of zero bond stress or nearly constant FRP stress 
(around the vulnerable position). Such regions include the region between 7.5 m and 9.5 m at 
5.40 s in the reinforced zone 1 (Fig. 14(d)) and the region between 21.5 m and 23.0 m at 5.98 s 
in the reinforced zone 2 (Fig. 15(d)). It is worth noting that due to debonding and loosening of 
FRP, the cracking of concrete cannot be prevented any longer, and the effect of reinforcement 
decreases. During this process, the FRP stress reaches approximately 450 MPa at some time 
instants, but it is still much lower than its tensile strength. 
 
Fig. 14 Distributions of FRP stress and interfacial bond stress for case 2 (reinforced zone 1) 
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Fig. 15 Distributions of FRP stress and interfacial bond stress for case 2 (reinforced zone 2) 
5 Conclusions 
Based on seismic failure process modeling of a concrete gravity dam, the effect of 
earthquake resistance reinforcement of a gravity dam with FRP sheets was examined. FRP was 
considered linear-elastic and the interface followed a bond-slip model. The influence of 
concrete heterogeneity was considered, and time-history analyses of seismic response were 
performed. Several conclusions can be drawn: 
(1) The simulated crack pattern of a three-point bending beam accords with that of lab 
experiments, and the crack pattern of the Koyna Dam reflects real seismic hazards, indicating 
that the procedure for failure modeling of the concrete structure is appropriate. 
(2) For the gravity dam, FRP used for reinforcement shares high stresses of concrete to 
some degree, thus postponing the initiation and propagation of cracks, and helps to maintain 
the integrity of the dam. It is therefore beneficial to improving the seismic resistant capability 
of concrete dams. 
(3) Concerning the bond behavior, FRP and the interface share the stress transferred from 
concrete, and the interface ensures a good bonding for FRP reinforcement in concrete 
structures, especially before cracking takes place. It is therefore crucial to guarantee a firm 
bond between FRP and concrete. 
(4) The loosening of FRP due to debonding reduces the effect of reinforcement, thus in 
construction additional techniques should be used to guarantee sufficient strengthening for 
engineering purpose.  
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